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(57) Abstract 

A method of investigating the condition of biological particles, in particular the fraction of viable cells in a bacteria 
population involves applying a voltage and monitoring the voltage induced by magnetic induction in a detector coil. The 
applied voltage is of a variable frequency alternating voltage and is preferably induced in the medium through a drive coil. 
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INVESTIGATION OF CONDITION OP BIOLOGICAL PARTICLES 

This invention relates to method and apparatus for investigating 
the condition of biological particles, such as bacteria, in a medium. 
In one example the invention is concerned with establishing what 
fraction of the bacteria are viable. 

Work has previously been carried out in investigating the 
electrical- impedance of suspensions of certain bacteria. It has been 
established that the impedance consists primarily of resistive and 
capacitative components, though the measured conductivity and 
relative permittivity are not constant but functions of frequency. In. 
a plot of relative permittivity against frequency, it is possible to 
identify alpha and beta dispersions which are felt to relate to the 
respective contributions of different membrane layers in the 
bacterium. Each membrane layer functions, it is thought, as a 
resistance/capacitance network with the relative contribution of the 
15 various layers changing with frequency. The alpha dispersion has 

been associated with the outer membrane layers and the beta dispersion 
with the innermost layers. 

The traditional approach to the measurement of impedance of 
bacterium suspensions involves manual bridge techniques. These are 
20 time consuming and require very careful attention to balancing and 
calibration. The procedures do not lend themselves to use in a 
bioreactor on a commercial scale where real time, continuous 
monitoring is required. 

A number of commercially available impedance analysers have been 
25 suggested for use in investigating dieletric dispersion in 

suspensions. The difficulty here is that the impedance analysers are 
constructed and organised to operate on networks of unknown but 
constant resistance, capacitance and inductance. Very careful further 
analysis is required, bearing in mind that the conductivity and 
30 relative permittivity of the suspension are known to be functions of 
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frequency, before the output of a commercially available impedance 
analyser can provide useful information in this context. 

It is an object of one aspect of this invention to provide 
improved method and apparatus for investigating the concentration of 
5 biological particles which is capable of distinguishing, for example, 
between viable and non- viable bacteria. 

Accordingly, the present invention consists in one aspect in a 
method of investigating the condition of biological particles in a 
medium, comprising the steps of applying an alternating voltage of 
10 varying frequency across a body of medium* monitoring the voltage 
induced in a detector coil adjacent the medium and deriving a 
frequency profile of composite medium and particle admittance. 

In another aspect, the present invention consists in apparatus 
for investigating the condition of biological particles in a medium, 
15 comprising a chamber filled in use with the medium; electrode means 

for applying a voltage across medium in the chamber;" voltage generator 
means for generating an alternating voltage of selected frequency at 
said electrode means; coij. means so disposed that the voltage induced 
therein is indicative of the magnetic field associated with current 
20 flow in the medium and processor means for compiling a profile of 
measured voltage in the coil means against frequency of voltage 
applied to the electrode means. 

Advantageously, the processor comprises storage means for storing 
profiles . 

25 Suitably the chamber comprises a conduit through which medium may 

flow continuously and, preferably, the conduit is cylindrical and the 
coil means comprises a helical coil having its axis orthogonal to the 
axis of the cylinder. 

In another form, the present invention consists in apparatus for 

30 investigating the condition of biological particles in a medium, 

comprising a chamber filled in use with the medium; drive coil means 
for inducing a voltage in the medium; voltage generator means for 
applying an alternating voltage of variable' frequency to said drive 
coil means, detector coil means so disposed that the voltage induced 

35 therein is indicative of the magnetic field associated with current 
flow in the medium and processor means for compiling a profile of 
measured voltage in the detector coil means against frequency of 
voltage applied to the drive coil means. 

Advantageously, said voltage generated means is adapted to vary 
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the magnitude of the generated alternating voltage so as to maintain a 
constant magnitude current in the drive coil at varying frequencies. 

By deriving an impedance/frequency profile for the same 
suspension at different times, it will he possihle through comparison 
5 to detect a shift in weighting of the alpha and beta dispersions 
identifiable with the change in the proportion of viable bacteria. 
In the example of a bacterium it is necessary to distinguish between 
viable bacterium and "ghosts" comprising ruptured cell walls from 
which the cytoplasm has been lost. It is believed that the "ghost" 
10 will contribute to the alpha dispersion, which is associated with the 
outer cell layers but will make no contribution to the beta 
dispersion. A relative increase in the weighting of the alpha 
dispersion can thus be interpreted as a decrease in the number of 
viable cells. 

15 in another aspect, the present invention consists in a method of 

investigating the concentration of biological particles in a medium 
comprising the steps of amplifying a voltage induced by alternating 
current flow through a body of the. medium; applying said voltage to 
the medium to excite resonance and determining the frequency of 
20 resonance. 

In yet a further aspect, the present invention consists in 
apparatus for investigating the concentration of biological particles 
in a medium, comprising a chamber filled in use with the medium; 
electrode means for applying a voltage across medium in the chamber; 
25 coil means so disposed that the voltage induced therein is indicative 
of the magnetic field associated with current flow through the medium; 
amplifier means for presenting said induced voltage to the electrode 
means in a manner to excite resonance and means for measuring the 
resonant frequency. 
30 The invention will now be described by way of example with 

reference to the accompanying drawings in which: - 

Figure 1 illustrates somewhat diagrammatically a test cell for 
use in this invention; 

Figure 2 is a block diagram of apparatus according to this 
35 invention including the test cell of Figure 1; 

Figures 3a), b) and c) are illustrative frequency plots; 
Figure 4 is a block diagram of alternative apparatus according to 
this invention; 
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Figure 5 is a partly diagrammatic view of apparatus according to 
another embodiment of the invention; 

Figure 6 illustrates a variation of test cell for use in 
the present invention; and 
5 Figures 7a) b) and c) are illustrative frequency plots; and 

Figure 8 is a diagram of yet further apparatus according to this 
invention. 

Referring to Figure 1, a test cell according to this invention is 
shown comprising a silica or pyrex glass tube 10 having electrodes 12 

10 and 14 bonded to each end thereof . The electrodes are identical and 
comprise a cup portion 16 which surrounds the end of the glass tube, 
the interior surface of the cup portion being formed with a rebate to 
ensure a smooth composite surface. The electrode has an inner conical 
surface 18 which opens to an aperture 20 and serves as a sample fluid 

15 inlet/outlet. An electrode connector 22 of conventional form is 
provided on each electrode. Between the electrodes, the tube 10 
carries on its outer surface a tightly wound helical coil 24* The 
coil 24 is arranged on suitable formers (not shown) with the axis of 
the coil orthogonal to the axis of the tube. 

20 It will be understood that with a conductive medium in the glass 

tube, the application of an alternating voltage across electrodes 12 
and 14 will result in the passage of a current in the medium, this in 
turn creating an oscillating magnetic field inducing a voltage across 
the coil, the turns of which cut the field. 

25 With reference to Figure 2 r a system will now be described for 

deriving information from this induced voltage and its variation 
with frequency. 

The test cell which is shown in Figure 1 is connected with a 
medium reservoir 30, a peristaltic pump 32 and a water bath 34 so as 

30 to establish a uniform flow of sample through the cell at constant 
temperature. In an alternative arrangement, sample may be diverted 
continuously from a chamber or feed line of a bioreactor and passed 
through the temperature bath to the cell. A signal generator 36 is 
connected with the electrodes 12 and 14 to apply across those 

35 electrodes a sinusoidal voltage of fixed amplitude and of a selected 
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frequency. Processor 38 is connected with the signal generator 36 to 
cause the signal generator to sweep through a frequency range. The 
processor 38 enables preselection of the signal amplitude, the number 
of frequency sample points, the delay between samples, the number of 
5 repeat samples of any one frequency and the frequency range of 
interest. 

The alternating voltage induced in the coil 24 is passed to an 
amplifier 40 having a high gain at low frequencies. The response of 
the amplifier is selected to compensate at low frequencies for the 

10 frequency variation of induced voltage according to Faraday's law. At 
higher frequencies, the induced voltage is sufficiently large not to 
require amplification. The output of the amplifier 40 is passed 
through analogue-to-digital converter 42 to the processor 38. 

Through suitable sampling, the processor compiles a profile of 

15 induced voltage against frequency, including - say - 300 data values 
in a particular frequency band. An example of such a profile for an 
E Coli suspension is shown in Figure 3a). A qualitative* comparison 
reveals that there has been a shift in the relative weights of the 
alpha and* beta dispersions which is indicative of a change in the 

20 proportion of viable bacteria. In order to enable quantitative 

evaluation, a profile can be compiled for medium from which bacteria 
have been separated. This may be achieved, for example, using the 
apparatus shown in Figure 4 where the flow of sample may be taken 
either directly to the test cell or through a filter 50 arranged to 

25 separate bacterium or other biological particles. The numerical 
profile generated for medium devoid of bacteria is stored in the 
'processor and used as a baseline for evaluation of subsequent 
profiles. An example of a frequency plot for medium only is shown at 
Figure 3b). 

30 The result of subtracting the plot of Figure 3b) (medium only) 

from the plot of Figure 3a) (medium +"E Coli) is shown in plot I of 
Figure 3c). The portion between the maximum at approximately 100 Hz 
and the minimum at approximately 350 Hz can be interpreted as the 
alpha dispersion with the difference in voltage terms between these 

35 two points being indicative of the strength of the alpha dispersion. 
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As mentioned above, the alpha dispersion is associated with the outer 
cell membranes. Plot II corresponds to a suspension in which a 
proportion of the bacteria have died. It can be seen qualitatively 
that the strength of the alpha dispersion has increased. For a 
5 quantative analysis a comparison of the relative weightings of the 

alpha and beta dispersions is made, the beta dispersion being found at 
higher frequencies - typically 50 MHz. 

Referring now to Figure 5> there is shown a further embodiment of 
this invention. A recirculating pathway for medium is established 

TO through parallel paths 110a, 110b; a reservoir 112; a temperature 
controlled bath 114 and peristaltic pump 116. Parallel limb 110b 
carries on its outer surface a coil 118 wound with its axis 
orthogonal to the pathway and parallel to the plane of the paper. 
Under control from a processor 120 a signal generator 122 applies an 

1*5 alternating voltage across the coil 118 at a selected and variable 

frequency. The connection between the signal generator and the coil 
includes a series precision resistor 124 and a tap is taken from the • 
resistor to enable current sensing within the signal generator. 

It is important that, whatever the frequency, a constant drive 

20 current should flow in the coil 118 and there is therefore contained 
within the signal generator 122 a comparator which produces an error 
signal if the sensed current (as represented by the voltage across the 
precision resistor 124) departs from a preset current level. If the 
sensed current drops below the desired current, the amplitude of the 

25 voltage applied by the signal generator is increased. To enable this 
condition of constant current to be met over a useful range of 
frequencies, the signal generator includes a power amplifier. 

The oscillating magnetic field created by the coil 118 will 
induce a voltage in the medium causing current to flow along the 

30 length of the pathway. This current will tend to circulate round 

parallel pathways 110a and 110b. To detect this current, a detector 
coil 126 is disposed on the outside of limb 110a. This coil is 
similar to coil 118 but has its axis orthogonal to the plane of the 
paper. The voltage induced in the detector coil 126 is amplified, 

35 rectified and passed to data logger 128. The processor 120 is further 
connected in conventional manner with a printer 130, a plotter 132, a 
VDU 134 and a keyboard 136. 
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In operation, the processor causes the frequency of the voltage 
applied to the drive coil 118 to sweep through a desired frequency 
band. As described, it is ensured that the current in the drive coil 
is sensibly constant. Throughout the frequency sweep, the voltage in 
5 the detector coil 126 is sampled. In one example, a suspension of B 
Coli of volume 14. 5# in a nutrient medium was passed through the 
parallel limbs 110a, 110b. The frequency of the applied voltage was 
swept from 500 Hz to 500 kHz. A profile of detector coil voltage 
against frequency was produced and is shown at Figure 7a* The 

10 frequency sweep was repeated with medium from which bacteria had been 
removed by filtration and profile for the medium alone is shown at 
Figure 7b. In this Figure, the dot dash line represents a calibration 
line achieved with an omic liquid in the flow path. 3y subtracting 
the profiles of Figures 7a and 7h, the profile of Figure 7c is 

15 produced which contains the desired information concerning the 

bacteria alone. In this Figure, the alpha dispersion is clearly 
visible. With repeated measurements during the life of a population 
of bacteria, changes in the weighting of the alpha dispersion can be 
measured as described above. 

20 In another modification a test cell suitable for use at very high 

frequencies is shown in Figure 6 where the glass tube of Figure 1 has 
been replaced by a flexible PTFE tube 152 wound about a non-conductive 
former 154- The coil 154 is open wound about the PTFE tube 152. In 
another respect this modified test cell is used in a manner analogous 

25 to that described in Figure 1. 

In yet a further alternative arrangement according to the 
invention, the test cell is incorporated into a closed oscillatory 
circuit such that the cell contents have the dominant role in 
determining the resonant frequency of the system. This is achieved by 

30 using the flux linkage between the conductive cell contents and the 
feed coil as the positive feedback path between the input and output 
of a high gain amplifier. The amplifier response can be wideband or 
frequency controlled depending upon the application; but in either 
case may be so designed as to have an amplitude dependent gain system 

35 thereby allowing the system to monitor fluids where a reactive 



WO 85/04481 



PCT/GB85/00150 



component is the primary variable or the measured range of 
conductivities is too low to maintain oscillation. Referring to 
Figure 8, the detector coil is connected to the high impedance input 
of an amplifier 160, and, a3 required, the drive coil or electrodes 
5 are supplied from the low impedance output of the amplifier. In 

practice, one end of each coil or one of the electrodes are connected 
to ground. An output is taken from an intermediate stage of the 
amplifier to a high resolution counter 162, measuring the period of 
resonant oscillation. 

10 It is found that the frequency of oscillation varies with the 

population of viable bacterium suspended in the medium. A decrease in 
the number of viable bactria is identified by a reduction of 
frequency. It is believed that this behaviour can be explained by the 
release of additional electrolyte into the medium which occurs on 

15 rupture of a cell wall. A decrease in the number of viable cells 
therefore results in a reduction of the dielectric component but an 
increase in electrolytic conduction. The time constant therefore 
increases and the frequency of resonance drops . 

It should be understood that this invention has been described by 

20 way of examples only and a variety of modifications are possible 
without departing from the scope of the invention. Thus whilst 
reference has been made, throughout to test cells through which medium 
passes continuously, apparatus according to this invention can 
function with a stationary volume of medium in a test cell or indeed 

25 with electrodes dipped in a body of sample in the manner of a probe. 

In terms of analysis, it has been found that with one particular 
bacterium - E Coli - investigation of the strength of the alpha 
dispersion reveals useful information concerning viability. Under 
other circumstances and with different micro-organisms, alternative 

30 forms of analysis will be appropriate. 

The invention in its various forms has particular application in 
determining the proportion of bacteria in a population which are 
viable, but may have other applications in investigating the 
concentration of biological particles in a medium which may be a 

35 suspension, slurry or colloid. In parts of the described methods, 
apparatus according to this invention is employed to determine the 
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impedance of medium from which biological matter has been separated, 
in order to provide reference levels. This usage may be extended to 
cases where the impedance (or conductivity) measurement of the medium 
is the primary concern. 
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CLAIMS 

9 

1. A method of investigating the condition of biological 
particles in a medium, comprising the steps of applying an alternating 
voltage of varying frequency across a body of medium; monitoring: the 
voltage induced in a detector coil adjacent the medium and deriving a 

5 frequency profile of composite medium and particle admittance. 

2. A method according to Claim 1, including the further step of 
separating biological particles from the medium; repeating the steps 
of applying an alternating voltage and monitoring the induced voltage 
to derive a frequency profile of medium admittance alone and 

tO contrasting said profiles. 

3» A method according to Claim 1 or Claim 2, wherein said 

alternating voltage is applied between spaced electrodes. 

4» A method according to Claim 3> wherein said detector coil 

comprises a helical coil having its axis orthogonal to a line between 
15 said electrodes. 

5* A method according to Claim 1 or Claim 2* wherein said 

alternating voltage is induced through a drive coil. 

6. A method according to Claim 5, wherein the drive coil is 
excited by an alternating drive voltage of varying frequency, the 

20 magnitude of the drive voltage being varied as the frequency is varied 
to maintain constant the magnitude of current flox* in the drive coil. 

7. Apparatus for investigating the condition of biological 
particles in a medium, comprising a chamber filled in use with the 
medium; electrode means for applying a voltage across medium in the 

25 ehamber; voltage generator means for generating an alternating voltage 
of selected frequency at said electrode means; coil means so disposed 
that the voltage induced therein is indicative of the magnetic field 
associated with current flow in the medium and processor means for * 
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compiling a profile of measured voltage in the coil means against 
frequency of voltage applied to the electrode means. 
8. Apparatus according to Claim 7 wherein the processor 

comprises storage means for storing profiles. 
5 9. Apparatus according to Claim 7 or Claim 8 wherein the 

chamber comprises a conduit through which medium may flow 
continuously. 

10- Apparatus according to Claim 9 wherein the conduit is 

cylindrical and the coil means comprises a helical coil having its 
10 axis orthogonal to the axis of the cylinder. 

11. Apparatus according to Claim 9 or Claim 10 wherein the 
electrode means comprises electrodes at each end of the conduit, both 
electrodes being apertured to permit flow of medium therethrough. 

12. Apparatus for investigating the condition of biological 
15 particles in a medium, comprising a -chamber filled in use with the 

medium; drive coil means for inducing a voltage in the medium; voltage 
generator means for applying an alternating voltage of variable 
frequency to said drive coil means; detector coil means so disposed 
that the voltage induced therein is indicative of the magnetic field 
20 associated with current flow in the medium and processor means for 
compiling a profile of measured voltage in the detector coil means 
against frequency of voltage applied to the drive coil means. 

13. Apparatus according to Claim 12 wherein the processor 
comprises storage means for storing profiles and comparator means for 

25 comparing profiles. 

14. Apparatus according to Claim 12 or Claim 13 wherein said 
drive coil means and detector coil means comprise respective helical 
coils disposed with their axis mutually orthogonal. 
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15- Apparatus according to any one of Claims 12 to 14 wherein 

said voltage generator means is adapted to vary the magnitude of the 
generated alternating voltage so as to maintain a constant magnitude 
current in the drive coil at varying frequencies. 

16. Apparatus according to Claim 15 wherein said voltage 
generator means comprises current sensing means for sensing current 
flow in the drive coil means, presettable reference current means and 
comparator means producing an error signal when sensed current differs 
from preset reference current. 

17. Apparatus for investigating the condition of biological 
particles in a medium comprising a chamber filled in use with the 
medium; means for applying a voltage across medium in the chamber; 
coil means so disposed that the voltage induced therein is indicative- 
of the magnetic field associated with current flow through the medium; 
amplifier means for presenting said induced voltage to said means for 
applying a voltage in "a manner to excite resonance and means for 
measuring the resonant frequency. 
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